INTRODUCTION
Niemann-Pick disease type C (NPC) is an autosomal recessive neurovisceral lipid storage disorder (1) . Most cases of NPC are caused by mutations in the NPC1 gene (2) encoding a protein which possesses a sterol-sensing domain (3) . The putative function of NPC1 protein is to facilitate the recycling of lipids from late endosomes/lysosomes to other cellular membranes (4) (5) (6) . High levels of unesterified lipoprotein -derived cholesterol (Chol) accumulate in NPC1-deficie nt cells. Although alterations of Chol metabolism play a key role in the pathogenesis of NPC, there is also a more general dysfunction of the intracellular metabolism of lipids such as sphingolipids (SL) (7) (8) (9) (10) . Spleen and liver of NPC patients accumulate not only Chol, but also glucosylceramide (GC), lactosylceramide, sphingomyelin.
Normal concentrations of Chol, but pathological levels of glucosylceramide, lactosylceramide, GM 2 -ganglioside and asialo-GM 2 in brain are typical findings (1) . These observations indicate that the NPC1 protein may function in Chol and SL homeostasis.
In normal cells the SL are degraded in late endosomes/lysosomes by specific hydrolases.
Some of these enzymes need the assistance of activator proteins such as saposins to exert their function (11) (12) (13) . Saposins are a group of four similar small glycoproteins, Sap A, B, C and D, each of them stimulating the enzymatic degradation of specific SL. In fact, Sap B is required for the degradation of sulfatides by arylsulfatase A and Sap C is required for the degradation of GC by glucosylceramidase (GCase) (14) (15) (16) . The physiological role of saposins has been unequivocally demonstrated by the observation that SL storage diseases can be caused either by the deficiency of a specific hydrolase or of an individual saposin. For instance, Gaucher disease, a genetic disorder characterized by an extensive GC accumulation within the lysosomes of cells of monocyte/macrophage origin, can be caused by a deficit of either GCase or Sap C (16) . In the Sap C -deficient cases of Gaucher disease, normal levels of GCase are unable to degrade GC.
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The role of Sap C in the enzymatic GC degradation has been examined in details. In the past we have provided compelling evidence that Sap C, at low pH values mimicking the acidic lysosomal environment, tightly binds to and destabilizes anionic phospholipidcontaining membranes (17) . Upon affecting the physical organization of these membranes, Sap C promotes the association of GCase with the lipid surface thus favouring the contact between the enzyme and its lipid substrate, GC (18, 19) . Anionic phospholipids have a key role in the Sap C-promoted interaction of GCase with membranes; changes in the level and organization of these lipids can affect the topology and activity of GCase (18, 19) .
Markedly increased amounts of GC have been found not only in Gaucher disease, but also in visceral tissues and in brains from NPC patients (8, 20) . Since SL such as GC are believed to be centrally involved in the pathogenesis of NPC disease (21) , the mechanism of their accumulation and the properties of the hydrolases involved in the SL degradation have been extensively investigated. For instance, it has been found that the activities of GCase and sphingomyelinase, are markedly reduced in NPC fibroblasts (22) . Cholesterol-mediated regulation of sphingomyelinase activity has been investigated (23, 24) , while informations on the regulation mechanism of GCase in NPC cells are not available . It is important to fill this gap, since the accumulation of GC is very pronounced in several NPC tissues. The aim of our present work was to investigate the factors that might influence the GCase activity and stability in NPC cells. The possibility that the function of Sap C, a required cof actor for the enzymatic degradation of GC, might be altered in these cells was also taken into consideration and investigated. 
Cell cultures
Two human fibroblast lines with previously described severe NPC1 mutations were used (25) . The NPC1a cell line (81057) was homozygous for a Q775P mutation located in the sterol-sensing domain and shown to produce no detectable NPC1 protein by Western blot analysis. The NPC1b cell line (90089, affected sib of reported 87024) was homozygous for a V282fsX299 mutation. Normal and NPC1 f ibroblasts were cultured in Dulbecco's modification of Eagle's minimal essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 100 units/ml of penicillin and 100 µg/ml streptomycin.
For specific experiments NPC1 cells were f irst grown in DMEM supplemented with 10% fetal bovine serum (FBS) and then subcultured in fresh medium containing 10% LPDS for the indicated periods of time.
GCase assay
To measure the GCase activity the lipid substrate GC, purified from Gaucher spleens , was utilized (26) . GC was labelled with tritium in the glucose moiety (27 
RESULTS

GCase activity and mass are reduced in NPC fibroblasts
GCase activity has been reported to be markedly diminished in NPC cells (22) . As shown in Fig. 1 , the GCase activity was approximately 400 nmol/h/mg of protein in normal fibroblasts, while it was reduced to 75-100 nmol/h/mg protein (about 20% of the normal value) in cell lines from two NPC patients who lacked the NPC1 protein (NPC1a and NPC1b). Thus, much less functional GCase is present in NPC1 fibroblasts as consequence of either a reduction or inactivation of the enzyme protein.
To examine the first possibility, the GCase mass was analysed by Western blotting using a monoclonal anti-GCase antibody. The intensity of the enzyme bands in both the NPC1 cell lines was approximately 80% weaker than in normal fibroblasts (inset in Fig. 1 ) indicating that much less protein was present. Thus, the difference in activity between the control and the mutated cells well correlates with differences in the e nzyme mass.
GCase activity and mass are modulated by Chol accumulatio n.
To address the possibility that the decreased amount of GCase is related to the accumulation of endolysosomal free Chol, the NPC1 cells were grown in LPDS medium. It is known that NPC cells no longer accumulate Chol when cultured for more than two days in lipoprotein-free medium (1). Accordingly, the free Chol level was dramatically reduced upon removal of low density lipoproteins (LDL) as indicated by cytochemical filipin staining of the NPC1 cells (data not shown). The GCase activity increased 3-4 times after seven days of subculture with LPDS ( Fig. 2 A) and a parallel increase of the GCase protein was observed (Fig. 2 B) . When normal fibroblasts cells are grown in lipoprotein-free medium for seven days we observed a ~ 20% increase of the GCase activity (from about 400 to 450-480 nmol/h/mg), while in NPC1 cells the increase of activity was ~ 250% (from about 100 to 300-350 nmol/h/mg). Thus, the level of free Chol in the endolysos omal system is able to modulate the level of GCase protein.
Maturation of GCase in NPC1 cells
To investigate at which step of maturation the amount of GCase decreased in the NPC1 cells, the biosynthesis and processing of the enzyme was examined by pulse-chase experiments (Fig. 3) . Accordingly with previous findings (29, 30) , in normal fibroblasts a
GCase precursor form (about 62 kDa) was observed after a pulse of 1 hour . A band at higher molecular weight (about 65 kDa) appeared after a 24 h chase. The fibroblast chased for 72 h contained an additional 58-kDa band of mature GCase. A similar pattern was observed in NPC1 fibroblasts. The densitometric quantitation of the intensity of the bands revealed that the amount of the 62 kDa precursor formed durin g a 1 h pulse was essentially the same in control and NPC1 cells. In contrast, after a 72 h chase much less GCase was detected in NPC1 than in control fibroblasts. These results indicate that the stability of the mature forms of GCase is markedly decreased in NPC1cells.
Maturation of Sap C in NPC1 cells
Sap C, a small glycoprotein (about 10 kDa), derived from a large molecular weight precursor, prosaposin (65-70 kDa) (31) , is the specific activating and stabilizing factor of GCase (11) . A possible cause of the GCase instability in NPC1 cells might be a reduced amount of Sap C. To test this hypothesis the biosynthesis and maturation of Sap C have been examined. As shown in Fig. 4 , the amount of prosaposin 65-70 kDa forms detected after pulse labelling for 1 h and the amount of Sap C generated after 72 h of chase were nearly the same in normal and NPC1 fibroblasts. Thus, the instability of GCase in NPC1 cells cannot simply be ascribed to a lack of Sap C. Nevertheless, it must be noted that during a chase of 5 h about 50% of prosaposin was converted to the mature saposin in normal fibroblasts, while only 5-15 % was cleaved in NPC1 cells. This finding, consistent upon repetition, indicates that the prosaposin processing was retarded in the mutated cells.
Subcellular localization of GCase, Sap C and LBPA
Our previous findings showed that the activity of GCase is efficiently expressed only when the enzyme is bound to membranes containing anionic phospholipids (19, 32) . Sap C, which preferentially interacts with these lipids (17) In cells where a significant amount of GCase was present, double -immunostaining showed the non-coincidence of the GCase distribution with those of LBPA and Sap C (Fig. 8) . Also the colocalization of Sap C with LBPA was impaired (Fig. 8) . The intracellular distribution of GCase and Sap C was further defined by Laser scanning confocal microscopy. As shown in Fig 9 , the contact among GCase and its activating and stabilizing factor, Sap C, is rare in NPC1 cells, while the two proteins completely colocalize in control fibroblasts.
Since the depletion of Chol results in a dramatic increase of both the GCase mass and activity (see Fig. 2 ), we have investigated whether a reduction of the Chol level could also reestablish the colocalization of GCase with Sap C. The NPC1 cells were cultured for 7 days in medium containing LPDS. After this time the morphology of the cells changed and the filipin staining was no more detectable. As shown in Fig . 10 , the decrease of Chol storage actually restored the colocalization of GCase with Sap C.
DISCUSSION
In addition to an impairment in Chol trafficking, the NPC cells are characterized by an extensive endolysosomal accumulation of SL. Previous studies have evidenced that the activity of sphingomyelinase and GCase, which are responsible of the degradation of two SL present at high concentrations in NPC tissues, namely sphingomyelin and GC respectively, are markedly reduced (22) . Our present results show that the reduction of GCase activity is paralleled by a decrease of the enzyme mass and that both activity and mass can revert to almost normal levels when the lipoprotein fraction is removed from the culture medium of NPC1 fibroblasts, namely when free Chol within the late endosomal/lysosomal compartment disappears. It is thus evident that Chol can modulate the level of GCase in NPC1 fibroblasts.
The Chol-mediated regulation of sphingomyelinase differs from that of GCase since the high amount of Chol required to knock down the sphingomyelinase activity has a negligible effect on the abundance and size of this enzyme (24) . Actually, NPC fibroblasts express about 10% of the sphingomyelinase activity of normal fibroblasts, but possess a normal amount of enzymatic protein. To explain their observations the authors hypothesized that elevated free Chol might alter processing and/or trafficking events critical for sphingomyelinase activity or induce allosteric changes that cause enzyme inactivation (24) .
In normal cells GCase is synthesized as a 62 Kda precursor then converted into different molecular forms. In pulse-chase experiments the intensities of the GCase bands appearing after a 24 h chase increase with time, becoming stronger after chase periods of >48h (30) .
This phenomenon is possibly related to the accessibility and affinity of the different GCase forms for the anti-GCase antibody utilized. Our results showing that in NPC1 fibroblasts a normal amount of the precursor form of GCase is synthesized, while the abundance of the mature forms is low indicate that the decreased GCase level is the consequence of an accelerated degradation of the mature enzyme. Moreover, we observed that the residual enzyme protein was not uniformly distributed among cells; some NPC1 fibroblasts contained significant amounts of GCase , while others were almost devoid of enzyme protein (see Fig.   7 ). When present, the enzyme was visualized at the periphery of Chol-filled vesicles. It has recently been reported that the intra endolysosomal membranes are organized as a mosaic of lipid domains with different lipid and protein composition (34) . It can be envisaged that the accumulation of Chol, altering the organization of the lipid domains, either brings about a redistribution of GCase towards the more external membranes of the endolysosomal vesicles or increases the susceptibility of GCase present in the core of the vesicles to the protease attack. Interestingly, it has been found that also mutant inactive forms of the NPC1 protein, transiently expressed in CT60 cells (a Chinese hamster ovary ce ll mutant), are localized in endolysosomal membranes encircling Chol-laden cores (35, 36) .
The fast disappearance of GCase in NPC1 fibroblasts suggests that the enzyme is localized in a less protective environment in these cells. It is known that GCase is stabilized when in contact with anionic phospholipids and its activator protein, Sap C (37). Moreover, a recent work indicates that Sap C is required for GCase resistance to proteolytic degradation in the cells (38) . The instability of GCase in NPC1 fibroblasts cannot be attributed to a low amount of Sap C, since we found that high levels of prosaposin are synthetized and converted to Sap C in these cells (see Fig. 4 ), the only difference from control fibroblasts being a delay in Sap C maturation. The slowed down processing of prosaposin suggests that the normal transport of the protein from the endoplasmic reticulum to the late endosomes/lysosomes or/and its proteolysis in these organelles are retarded.
To exert its activating and anti-proteolitic protective function Sap C should be in contact with GCase. Actually, fluorescence microscopy has now shown a complete colocalization of
GCase with Sap C in normal fibroblasts. Conversely, in NPC1 fibroblasts most of the GCasecontaining structures were not Sap C -positive, indicating that the two proteins preferentially distribute into distinct vesicular compartments. The occurrence of separate subsets of endolysosomal vesicles with partly different protein and lipid content is well documented (4, 39) . Most likely the localization of GCase on membranes devoid of Sap C decreases the enzyme stability.
As we have previously shown, the localization of GCase on membranes is regulated by several factors the more important being pH, anionic phospholipids and Sap C. In fact, low pH values similar to those of the endolysosomal compartment dramatically increase Sap C hydrophobicity (17, 40) . In consequence the saposin associates with and destabilizes anionic phospholipid-containing membranes promoting in turn the association of GCase with the lipid surface (19, 32) . The amount and the physical organization of anionic phospholipids have a key role in the Sap C-mediated binding of GCase, to afford the enzymatically active complex.
Our present results indicate that GCase neither colocalize with Sap C, nor with LBPA, the main anionic phospholipid of the endolysosomal organelles ( The hypothesis that the Chol storage is the cause of the disrupted contact among GCase and Sap C is supported by our finding that a decrease of the Chol content in NPC fibroblasts not only markedly increases the activity and the amount of GCase (see Fig. 2 ), but also restores the localization of GCase and Sap C in the same vesicular structures (see Fig. 10 ).
The mechanism/s underlying the SL accumulation in NPC1 cells have been the subject of intense investigation, but the specific manner in which mutations in the NPC1 protein alter SL metabolism remains to be established. Since the intracellular transport of certain SL is perturbed in NPC cells and this alteration is related to the high level of intracellular Chol (44) it has been envisioned that defects in the NPC1 protein result in the disruption of SL as well as Chol trafficking (39, 44, 45) . Our present work shows that, beside a traffic defect, t he accumulation of SL might depend on a Chol-induced block of their degradation. The hydrolysis of several SL requires not only specific enzymes but also activators such as anionic phospholipids and/or protein cofactors such as saposins (11) or the GM2 activator (13) .
According to the present findings, a change of the lipid composition of the endolysosomal membranes might interfere with the interaction of these enzymes with their lipid and protein activators, thus reducing the enzyme activities.
The instability of GCase that we observed in fibroblasts might not be generalized to all NPC1 tissues. For example, normal GCase activity has been observed in NPC liver (22) . Control, NPC1a and NPC1b fibroblasts were pulsed for 1h and then chased as indicated.
Immunoprecipitation of cell lysates was performed with the anti-GCase monoclonal antibody 8E4. SDS-PAGE and fluorography were carried out as described in Methods. The number on the left refers to the molecula mass (kDa) of albumin standard. The bands were quantitated by densitometry. The experiments, repeated more than two times, gave similar results. NPC1 fibroblasts (NPC1a, top panels and NPC1b, bottom panels) were immunostained for GCase and cytochemically stained with filipin for Chol as described in Methods. Arrowheads highlight cells containing vesicular structures filled with Chol, but almost devoid of GCase.
The right panels show an enlargement of the regions outlined by the boxes in the overlaid panels. As better revealed in the magnified images GCase appears as rings at the periphery of Chol-laden vesicular structures. Bars, 10 µm. by guest on November 17, 2017 
